This paper presents a novel dual-polarized frequency selective rasorber (FSR) with two transmission bands and two absorption bands. The FSR is a 2-D structure which is composed of a lossy and a lossless frequency selective surface (FSS) layer. The unit cells of the lossy and FSS layer are both arranged to hexagonal periodic structures. The unit cell of the lossy layer is a combination of a loop with loaded resistors and three folded loops. The loop with resistors is located in the center of the unit cell, and surrounded by three folded loops. The equivalent circuit model shows that the two transmission poles are generated by two parallel LC circuits. The two absorption bands located at the lower side of the first transmission pole and between the two transmission poles are generated by series resonances. The FSR realizes two transmission poles at 6.1 GHz and 10.1 GHz, respectively. The reflection coefficient lower than -10 dB ranges from 3.24 to 10.5 GHz. The lower and higher absorption bands with absorption rates greater than 80% range from 3.3 to 4.97 GHz and 7.42 to 9.03 GHz, respectively. A prototype is fabricated and measured to validate our design and the measurement results match well with the simulation results.
I. INTRODUCTION
Frequency selective surfaces (FSSs) are periodic metallic arrays that can be designed to exhibit bandstop or bandpass responses [1] . They can be used as spatial filters to reduce the radar cross section (RCS) of reflectarrays [2] - [4] and radomes [5] , [6] . When the bandpass FSSs are employed in a radome design, they play a critical role in the maintenance of the electrical performance of a radome. FSSs allow electromagnetic (EM) waves to pass through the antenna operating band, and monostatic RCS reduction can be achieved by reflecting EM waves to other directions. However, FSSs with strong reflection bands do not effectively reduce RCS because the EM waves reflected to other directions may be detected by bistatic radar.
To reduce the out-of-band bistatic RCS of the radome, a new type of FSS, called a frequency selective rasorber (FSR), was proposed. FSRs exhibit transmission responses in certain frequency bands while absorbing out-ofband waves. Both monostatic and bistatic RCSs are reduced due to the absorption of EM waves outside the passband.
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A large and growing body of literature has investigated FSRs. Depending on their structures and dimensions, FSRs can be divided into 3-D and 2-D structures. The absorption and transmission responses of 3-D FSRs are separately exhibited by lossy and lossless resonators in 3-D units. These FSRs have wide transmission bands and exhibit high selectivity. However, the FSRs are relatively thick and complicated to fabricate [7] - [11] . In contrast to 3-D FSRs, 2-D FSRs are smaller and easier to design and fabricate. A 2-D FSR is usually composed of a lossy layer and a bandpass FSS layer that are separated by air. FSRs with one transmission band and a higher absorption band (T-A) were proposed in [12] and [13] . Meander lines and lumped resistors were used in the lossy layer [12] which has a low-passband up to 1.5 GHz and an absorption band whose frequencies are located above the low-passband. A resistor-loaded double-loop array was used as the lossy layer [13] , which increases the absorbing bandwidth compared to that of a single-loop array. FSRs with a transmission band and a lower absorption band (A-T) were proposed in [14] and [15] . A lumped resistor-loaded dipole array was used as the lossy layer in [14] , and the dipole elements were used to realize the passband. The absorption band is achieved when the current flows through the resistor. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Circular spiral resonators were applied to the lossy layer to realize a parallel LC circuit [15] . A second-order bandpass FSS was used to exhibit a high selectivity and a flat passband.
To solve the problem that the FSR can only realize singlesided absorption, researchers have proposed FSRs that can absorb the EM waves on both the lower and higher sides of the passband (A-T-A) [16] - [21] . Most lossy units are centerconnected and have resistors loaded on the legs; when the current passes the resistors, an absorption band is obtained. The main difference lies in the parallel LC resonators in the center of the lossy unit cell. A square-loop hybrid resonator, interdigital resonator, notch structure and split ring resonator were used to realize a transparent window [16] - [19] . In [20] , a lumped inductor and capacitor in parallel were joined in a cross-grid unit; when the parallel LC resonator is resonating, no current is flowing through the structure. As a result, the transparent window of the cross-grid unit can be obtained. In [21] , a low-profile switchable rasorber/absorber based on slot arrays was proposed, in which the passband frequency can be changed by switching diodes. When the diodes are off, a passband is realized between two absorption bands; when the diodes are on, the passband moves to higher frequencies, and the FSR becomes an absorber. Dual/multiband antennas are widely used in some radar and communication system applications [22] - [24] . In addition, dual/multiband FSSs have also been proposed [25] - [27] , Compared to those with a single passband, dual/multiband FSSs can guarantee the transmission and reception of antennas operating in different bands. Similar to a single-passband FSS, the dual/multiband FSSs reflect incident waves outside the passbands. To solve the problem of the increase in interference or RCS caused by reflected waves, a dualband FSR (A-T-A-T) was first proposed in [28] , where the lossy layer is composed of traditional center-connected unit cells with lumped elements. Two different impedance poles of the lossy layer are introduced by three different series LC structures in parallel. Two slot-type FSSs with different resonance frequencies are combined to obtain two passbands. Three lumped elements are loaded in the lossy layer unit cell. However, this FSR is only single-polarized.
In this paper, a dual-polarized FSR with two transmission bands and two absorption bands realized with one loop and three folded loops is proposed. Unlike the center-connected unit cells, whose passbands are realized by the parallel LC resonators in the centers of the lossy units, our lossy units obtain two passbands through the different LC parallel resonances of the folded loops and branches. The two absorption bands are obtained by series resonances of the lossy layer, and the energy is absorbed by three resistors, which are loaded on the central loop. The FSS layer consists of double hexagonal slot arrays that have the same passbands as the lossy layer. The results demonstrate that the two passbands are obtained at 6.1 GHz and 10.1 GHz. The reflection coefficient lower than -10 dB (|S 11 | < -10 dB) ranges from 3.24 to 10.5 GHz. A FSR prototype is fabricated and measured to validate our design. Fig. 1 (a) shows the geometry of the FSR, which is cascaded by the lossy and FSS layer. Both of them are supported by F4BM-255 which has a relative permittivity of 2.55 and a loss tangent of 0.0007. The thicknesses of the two substrates are h s = 0.5 mm, and the air spacer between them is denoted by H = 8 mm. Both the lossy and FSS layer unit cells are arranged to hexagonal periodic structures with a side length of d = 8 mm and a period of p = √ 3d mm ≈ 13.86 mm. Fig. 1 (b) shows a unit cell of the lossy layer. The unit cell of the lossy layer is a combination of a loop with loaded resistors and three folded loops. The loop with resistors is located in the center of the unit cell, and surrounded by three folded loops. We denote the central loop as loop 1 and the outer and inner loops of the folded loops as loop 2 and loop 3, respectively. The resistance of the resistors R = 280 . Two branches with length l 1 = 0.55 mm are loaded at the junction of ring 1 and ring 2. The angle of the notch in the connection between loop 2 and loop 3 is denoted by α = 8 • . A unit cell of the FSS layer is shown in Fig. 1 (c) . This cell consists of double hexagon loop slots and is the same size as 
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the lossy layer unit cell. The other dimensions are set to be:
The equivalent circuit model (ECM) is proposed in Fig. 2 . Z L and Z F are the equivalent impedances of the lossy and FSS layer, respectively, Z 0 = 120π is the free space wave impedance, and h represents the distance between the lossy and FSS layer. In the lossy layer, the series circuit RL 0 C 0 is related to the lumped resistors, loop 1 and the distance between folded loops in adjacent unit cells. The two parallel circuits are denoted by different resonance types in loop 2, loop 3 and branches, respectively, which are investigated in the next subsection. In the FSS layer, L F1 and L F2 represent the inductance of the grid and the hexagonal loop, respectively. Additionally, C F1 and C F2 represent the capacitances of outer and inner hexagonal slots, respectively.
The impedance of the FSS can be calculated by:
and the impedance of the lossy layer can be calculated by:
in which
The ABCD matrix of our FSR can be written as follows:
where β = 2πf /c, and c is the speed of light in vacuum. The S-parameters can be calculated by (1), (2) and the ABCD matrix [29] :
in which, M = Z L + Z F , and N = Z L Z F . Similarly, the S-parameters of the lossy and FSS layer can be expressed as follows:
where L is the lossy layer while F is the FSS layer. For a FSR, only when the incident waves pass through the cascaded two layers at same frequencies can the passbands be obtained. Fig. 3 (a) and (b) show the equivalent S-parameters of the FSS and the lossy layer, respectively. In Fig. 3 (a) , two transmission poles are realized at 6.1 GHz and 10.1 GHz. There is one reflection band on the lower side of the first pole and another between the two transmission poles. As shown in Fig. 3 (b) , the two transmission pole frequencies of the lossy layer are the same as the frequencies of the FSS layer. These results indicate that when the lossy and FSS layer are cascaded, passbands will be obtained at 6.1 GHz and 10.1 GHz, respectively.
B. SIMULATION RESULTS AND DISCUSSIONS
The simulation results are obtained by CST Microwave Studio. The S-parameters of the ECM and simulation results under normal incidence are shown in Fig. 4 . The two passbands occur at 6.1 GHz and 10.1 GHz with insertion losses of 0.06 dB and 0.2 dB, respectively. The passbands with insertion losses less than 3 dB range from 5.58 GHz to 6.97 GHz and from 9.34 GHz to 11.22 GHz. In addition, the operating bandwidth (|S 11 | < -10 dB) is 105.7% from 3.24 GHz to 10.5 GHz. Compared with the ECM results, the reflection coefficient of the simulation is slightly higher in high frequency, but overall, the two results are consistent, indicating that the FSR design can be realized through ECM. We assume that the two passband frequencies are f 2 = 6.1 GHz and f 4 = 10.1 GHz. The maximum reflection reduction frequencies are f 1 = 3.95 GHz and f 3 = 8.74 GHz.
The surface current and electric field distributions of the lossy layer are investigated for further verification. The surface current distributions on the lossy layer at f 1 , f 2 , f 3 and f 4 under TE and TM polarizations are shown in Fig. 5 . The white dotted lines with arrows represent the paths and directions through which strong currents flow. As shown in Fig. 5 (a) , current paths are generated in the two lower folded loops at f 2 under TE polarization, and the current becomes trapped in the folded loops and does not pass through the resistors. Similar to TE polarization, the current under TM polarization at f 2 is also generated in the folded loops. The difference is that current is generated in all three folded loops; however, the current in the two lower folded loops is weaker. Fig. 5 (b) shows that strong capacitances are mainly generated between the adjacent branches at f 2 . Combining the surface current and electric field distribution at f 2 , we know that the first passband of the FSR is generated by the parallel resonance of the inductance of the folded loops and the capacitance between branches. As shown in Fig. 5 (a) , two current paths instead of one current path are generated in a single folded loop at f 4 . Fig. 5 (b) shows that the capacitance is mainly generated between loop 2 and loop 3 in the folded loop at f 4 . Therefore, the second passband of the FSR is generated by the parallel resonance of the inductance of loop 2 and loop 3 and the parasitic capacitance between them.
As shown in Fig. 5 (a) , in f 1 , the current flows not only in the folded loops but also in loop 1 compared with the current in f 2 . Similarly, new current paths pass through loop1 and resistors are generated at f 3 rather than by the paths at f 4 . These findings indicate that the energy is absorbed at f 1 and f 3 . Fig. 6 shows the S-parameters and the absorption rates of the FSR under oblique incidence. As shown in Fig. 6 (a) , with increasing TE-polarized incident angle, the reflection coefficient of the lower absorption band gradually deteriorates. The reflection coefficient is above -10 dB at approximately 5.36 GHz within 30 degrees. The higher passband bandwidth decreases, and the insertion losses of both passbands hardly change with the increasing incident angle. The absorption rates of the FSR under TE polarization are shown in Fig. 6 (b) . Under normal incidence, the absorption bands with absorption rates greater than 80% range from 3.3 to 4.97 GHz and 7.42 to 9.03 GHz. The absorption rates of the two absorption peaks slightly increase with the increasing angle. Fig. 6 (c) shows the S-parameters of the FSR illuminated by the TM-polarized wave. As the angle increases, f 1 moves toward a higher frequency while f 3 moves toward a lower frequency. Both passbands are insensitive under oblique incidence. However, a spike appears at 9.7 GHz, which we attribute to the harmonic in the lossy layer. As shown in Fig. 6 (d) , as the angle increases, the bandwidth of the lower absorption band decreases faster than that of the higher absorption band. In general, the performance of the FSR is stable within 30 degrees.
III. EXPERIMENTAL RESULTS
To validate the performance of the proposed FSR, a prototype was fabricated and measured, as shown in Fig. 7 . The lossy and FSS layer are composed of 22×25 units with dimensions of approximately 305 mm × 304 mm. Both layers are printed on a 0.5 mm F4BM-255 substrate (relative permittivity: 2.55). Chip resistors with the 0201 package and a resistance of 280 are loaded on the lossy layer. The measurement is conducted in an anechoic chamber by a vector network analyzer with the time-domain gating functions, as shown in Fig. 7 (d) . The measured results are obtained by the vector network analyzer connected to the antennas. When measuring the transmission coefficient, the prototype surrounded by absorbing foam is placed between two standard gain horns with operating bandwidth of 1-18 GHz. The EM waves radiate from the transmitting (Tx) antenna illuminate on the lossy layer of the prototype. The waves passing through the prototype are received by the receiving (Rx) antenna which is placed at the FSS side. One standard gain horn, prototype and a metal plate of the same size as that of the prototype are adopted in the reflection coefficient measurement. First, the reflection coefficient of the metal plate is measured to perform a calibration. Then, the metal plate is replaced with the prototype in the same position. Time-domain gating is used to eliminate multipath interference in the reflection coefficient measurement. Fig. 8 shows a comparison of the measured and simulated results under normal incidence. In Fig. 8 (a) , the two measured passbands are obtained at 6.2 GHz and 10.3 GHz with insertion losses of 0.5 dB and 0.4 dB, respectively. The measured passbands shift to high frequency compared with the simulated results. The operating bandwidth (|S 11 | < -10 dB) is 111.4% and ranges from 3.1 GHz to 10.9 GHz. The absorption rates of the measured and simulated results are compared in Fig. 8 (b) . The measured absorption bands with absorption rates greater than 80% range from 3.45 to 4.8 GHz and from 7.55 to 9.1 GHz. The measured results coincide well with the simulated ones. The differences between them are mainly due to the fabrication tolerance, the parasitic effect of lumped resistors and the deformation of PCB.
To demonstrate the performance of our proposed FSR, performance comparisons with other reports are listed in Table 1 . It is seen that the designs in [14] and [30] have only one lumped element in one unit cell. However, they are single-polarized and have only one passband and absorption band. Compared with designs in [16] - [18] and [31] , our FSR has the advantages of fewer lumped elements and one more passband. Compared with the one in [28] , which is also A-T-A-T type, our FSR is dual-polarized and has lower insertion losses. Meanwhile, the reflection coefficient is below -10 dB in the entire operating band.
IV. CONCLUSION
A dual-polarized FSR with lumped resistors loaded is proposed in this paper. Different from the available structures, our FSR achieves two transmission bands and two absorption bands. The surface current distribution demonstrates that the two transmission poles are generated by the different parallel LC resonances of the folded loops. The performance under oblique incidence is also investigated and found to be stable within 30 degrees. Furthermore, a prototype is fabricated and measured, the measured results coincide well with the simulated ones. 
